Electrical stimulation of the ear of deaf patients via cochlear implants offers a unique occasion to study activity of central auditory pathways with fMRI, without bias due to scanner noise. Such measurements, however, require one to control the possible interference between fMRI acquisition and the implanted electrodes. A series of measurements on a customized phantom designed to characterize the level of induced currents during MRI acquisition is presented. These experiments demonstrate that the major artifactual contribution is due to radiofrequency interaction and that safe experimental conditions can be obtained with proper shielding of the stimulation cables. The induced currents could be reduced to low levels (<50 A for a duration <2 ms), below the acoustic perceptual threshold of cochlear implant subjects. Subsequent fMRI experiments on a patient using an Ineraid cochlear implant were conducted. Results revealed bilateral localized activation of the primary auditory cortex. Stimulation of two different intracochlear electrodes elicited activity in two neighboring, but different, regions, in agreement with the known tonotopical organization of the auditory cortex. This work paves the way for fMRI studies of a broad selection of auditory paradigms without interference from unwanted noise. © 2002 Elsevier Science (USA)
INTRODUCTION
Cochlear implant systems provide an efficient clinical procedure in rehabilitation of deafness. At present, more than 30,000 deaf patients in the world use a cochlear implant system. Adult patients that became deaf after the acquisition of language can recover quickly oral speech communication and many can even use the telephone. Congenitally as well as prelingually deaf children learn to use oral language as the principal means of communication with such a device (Svirsky et al., 2000) . The principle of cochlear implants is to pick up sounds with a small microphone placed close to the ear and to process sounds in different frequency bands with a digital processor in order to mimic the frequency selectivity of the normal ear. The resulting electric signals are then sent on electrodes implanted in the inner ear, along the cochlea. Multichannel cochlear implants exploit the natural tonotopic organization of the cochlea: auditory nerve fibers innervating the base of the cochlea are activated by high-frequency sounds; auditory nerve fibers innervating the apex of the cochlea are activated by low-frequency sounds. This tonotopic organization is preserved at many stages in the central auditory system, up to the auditory cortex. It can be investigated by means of functional magnetic resonance imaging (fMRI) using the blood oxygenation level-dependent (BOLD) contrast mechanism.
Most present cochlear implant systems use a transcutaneous, radiofrequency (RF) communication system to send information from the external (body worn) processor to the implanted part of the device (Advanced Bionics Corp., Sylomar, CA; Cochlear Ltd., Melbourne, Australia; Med-El Corp., Insbruck, Austria). Although such devices may not necessarily represent a contraindication to MRI Youssefzadeh et al., 1998) , they cannot be activated properly in a MRI scanner due to the presence of strong magnetic field. In Geneva, several patients were implanted in the 1980s with one of the first multichannel cochlear implant systems (Montandon et al., 1992) . This system, the Ineraid multichannel cochlear implant (Eddington, 1980) , uses a direct percutaneous connection to transmit electrical stimuli to electrodes implanted into the cochlea. This system has no implanted electronics and thus might allow safe functional MR imaging.
Potential problems may appear when fMRI acquisition is performed simultaneously with electrode stimulation. On the one hand the presence of metallic electrodes in the image field of view may produce MRI artifacts due to magnetic susceptibility effects. On the other hand, inductive coupling with the conductive wires is also possible. RF and gradient pulses used during MRI acquisition may induce a flow of currents in the implant, yielding unwanted heating, artifactual auditory percepts, and even potentially hazardous effects. In the present study, we first addressed the important question of safety of cochlear implant stimulation in the magnet by exploring the technique on a specially customized phantom. Our approach was experimental rather than theoretical and we measured the induced current in situ under various MRI acquisition conditions. The goal was to ensure the patient's safety as well as to guarantee the proper delivery of the stimulation signal without audible artifactual bias due to scanner operation. We also determined the effect of the presence of the implanted electrodes on the MRI quality. After overcoming these technical difficulties, we used the technique on one cochlear implant subject, activating two distinct electrodes, one localized in the apical (low-frequency) region and the other in the basal (high-frequency) region of the cochlea and we measured cortical activation with fMRI.
MATERIALS AND METHODS

Phantom
All measurements were conducted using a dummy electrode array of the same type (Ineraid) as used by the patient. This Ineraid implant presents six intracochlear platinum electrodes (0.5 mm diameter). Electrodes are numbered from 1 to 6, from the most apical to the most basal electrode. The overall distance between electrode 1 and 6 is about 20 mm. The stimuli were applied in monopolar mode, i.e., between an intracochlear electrode, 1 or 6, and a common sink electrode, placed under the temporal muscle. The electrode array (Eddington, 1980) was placed in a bottle filled with saline solution (0.154 mmol/L) simulating the conductivity of human brain tissue. This assembly was fixed inside the measurement field and connected via a shielded cable to a current source placed outside the Faraday room. A low-pass filter was inserted at the penetration panel in order to prevent electromagnetic noise perturbations inside the room. The layout of the electronic diagram of the phantom experiment is presented in Fig. 1 .
Because of the parasitic capacitive impedance (Z ϭ 1/(2 ⅐ ⅐ C)) of the shielded cable, induced RF currents created at one end of a long (about 6 m) cable cannot be measured accurately at the other end. In order to solve this problem we placed a photodiode as close as possible to the phantom implant. This solution was proposed initially (Melcher et al., 1998) and implemented in this study (D. K. Eddington, personal communication). The photodiode served as an in situ current sensor and its output was transmitted via an optical fiber to an amplifier placed outside the Faraday room. This signal was recorded on a digital oscilloscope. A lowfrequency 1000-Hz sinusoidal signal of known amplitude was used as calibrating reference. A 5-or 10-A signal was used according to the amplitude of the parasitic signal to be recorded. Induced currents due to MRI acquisition were superimposed on this reference waveform, allowing a direct scaling of the signals (Fig. 1) .
Different MRI sequences were used in order to determine parasitic-induced currents under various RF and switching gradient conditions. Functional imaging was tested with echo-planar imaging (EPI), using flip angles of 60 and 90°. Anatomical imaging was tested with gradient-echo (GRE), spin-echo (SE), and fastspin-echo (FSE) 2D imaging. The RF peak amplitudes produced by these sequences were 6, 8, 12, 13, and 19 T, respectively. This first series of experiments was designed to address the overall feasibility and safety of the technique.
Subject
A 48-year-old, profoundly deaf subject participated in the study after informed consent was obtained. The etiology of his progressive deafness is unknown. In 1995 he became totally deaf and he received an Ineraid cochlear implant in his right ear. The surgery did not present any special difficulty; the electrode array was fully inserted. Since 1996, he has been using the continuous interleaved sampling sound coding strategy (Wilson et al., 1991; Boex et al., 1996) implemented on the Geneva Wearable Processor (Pelizzone et al., 1999) . He is a very good performer with his implant, allowing him to talk freely over the phone.
MRI
A 1.5-T Eclipse System (Marconi Medical Systems, Cleveland, OH), equipped with fast gradients (27 mT/m with a slew rate of 72 mT/m/ms), was used in this study. The standard head coil configuration was used, which consists of receive head coil and transmit body coil. With this configuration, a maximum RF power of 25 kW can be delivered. For fMRI, the RF pulses were generated using a GRE-EPI sequence producing a peak amplitude B1 ϭ 8 T. Anatomical imaging consisted of GRE sequence (B1 ϭ 12 T). Because there is no need to stimulate the electrodes during anatomical imaging, the electrodes were disconnected in this condition.
Electrical Stimuli
Electrical stimuli used to produce auditory sensations were 1000-Hz sinusoidal current bursts of 0.5 s duration, presented at a rate of 1 Hz and for a period of 20 s. They alternated with periods of silence, as will be FIG. 1. Electronic layout of the setup used for the measurements. The six-channel Ineraid electrode was immersed in a saline bath centered in the imaging coil. The source of current (outside the shielded room) delivered a 5-mA bias current for the photodiode as well as a 5-or 10-A, 1000-Hz sinusoidal waveform used as reference. This signal was transmitted to the MRI suite via the penetration panel. A low-pass filter was inserted to eliminate high-frequency perturbations. The electrode current (RF induction ϩ reference) was transmitted via an optical fiber to a digital oscilloscope outside the shielded room. Here, an example with FSE sequence is displayed, in which we recognize the effect of the 90°and the 180°p ulses.
described in the next paragraph. Two different electrodes were stimulated successively: electrode 1, the most apical electrode, producing the lower pitch sensation, and electrode 6, the most basal electrode, producing a much higher pitch sensation. At the beginning of an experimental session, electrical current levels corresponding to perceptual thresholds and most comfortable loudness levels of stimulation were quickly determined on electrodes 1 and 6. Accordingly, the level of stimulation was set to 140 A for electrode 1 and 160 A for electrode 6 during fMRI acquisition. These levels produced loud but comfortable auditory sensations (roughly a loudness level of about 7 on a 10-point scale). Electrical stimuli were transmitted to the subject via an optoisolated current source for safety reasons.
fMRI Acquisition and Analysis fMRI data were obtained from 17 contiguous 5-mm slices using single-shot EPI (TR/TE/flip ϭ 2 s/40 ms/ 90°). The block paradigm consisted of a series of 20 s of electrical stimulation followed by 20 s with the electrical stimulus turned off, during which the data acquisition was totally silent for the subject. The "stimulation/silent" block was repeated five times for a total acquisition time of about 3.5 min.
The data analysis was performed offline using MEDx (Sensor Systems, Inc., Sterling, VA) on a SUN UNIX workstation. The studies were first corrected for head motion (Woods et al., 1998) . Data were smoothed spatially by convolution with a 4 ϫ 4 ϫ 6 mm FWHM Gaussian kernel. An intensity threshold of 15% of the maximum image intensity was used to remove the noise. The time-series images were analyzed statistically using a cross-correlation computation of each individual pixel with a shifted (4 s) boxcar function as reference (Bandettini et al., 1993) . The statistically significant pixels were considered and displayed as Z values. A Z value threshold of 2.3, corresponding to P Ͻ 0.01, was used, after temporal autocorrelation correction (Worsley and Friston, 1995) . The Z maps were then superimposed on 3D anatomical images and normalized to the Talairach space.
RESULTS
Phantom Study
The use of carefully shielded wires reduced drastically inductive coupling in the stimulation path. Gradient switching did not produce measurable signals. However, induced currents generated by the RF pulses could not be completely eliminated. This is illustrated in Fig. 1 , in which only RF signals (90 and 180°pulses of a FSE sequence) are clearly seen superimposed on the reference signal. Measurements were obtained on three different electrodes as a function of RF amplitudes and calibrated using the reference waveform (Fig. 2) . Induced currents from EPI sequence using two different flip angles were just detectable, whereas GRE and SE produced easily measurable parasitic signals. FSE using the maximal B1 (19 T) of our scanner for head imaging produced the strongest induced parasitic currents.
Compared to human psychological thresholds for short-duration (Ͻ3 ms) electrical signals, these measures provided evidence that induced currents, when using EPI sequence, were not likely to generate an uncomfortable auditory sensation and that the device could be employed safely in conjunction with fMRI on implanted patients.
Patient Study
For anatomical imaging, the Ineraid implant was disconnected. Good-quality gradient-echo and spinecho images were obtained. The presence of the electrode produced only minor artifacts affecting the signal from the subcutaneous fat. Less than a 20% decrease of signal-to-noise ratio (SNR) of brain tissue was observed close to the implant position compared with contralateral cerebral regions (Fig. 3a) .
Only EPI sequences were used when the Ineraid intracochlear electrode was connected to the electrical excitation system. In agreement with our observations on the phantom, the patient did not report hearing artifactual sound during scanner operation. The EPI signal-to-noise ratios were in the same range as in other fMRI experiments and less than 12% of signal depletion was measured in cortical regions close to the electrode (Fig. 3b) .
The fMRI study (Fig. 4) revealed bilateral area of activation in the primary auditory cortex (Brodmann area 41/42), upon stimulation of both electrodes. Regional analysis comparing percentage signal change, number of activated voxels, and Z scores between the two electrodes are summarized in Table 1 . The centers of the activation area, corresponding to the local statistical maxima, associated with the stimulation of the two different electrodes were separated by 19 mm in the right hemisphere and by about 16 mm in the left hemisphere (Table 1) . These measurements were carried out in the Talairach space.
DISCUSSION
Experimental Safety
It is well known that metallic devices used in conjunction with MRI may produce local heating due principally to RF absorption (Lemieux et al., 1997; Shellock et al., 1993; Teissl et al., 1999) . Patients have even experienced different degrees of burn associated with the use of electrocardiogram (ECG) recording electrodes during routine practice (Shellock and Kanal, 1996) . In these instances, a conductive path including the patient was formed. Therefore, caution must be taken to avoid closed-looped wiring configurations. In addition, most of the ECG monitoring systems do not use shielded wires, which increases the risks due to RF interaction.
Our measurements on the phantom demonstrated that RF field interaction was, by far, the most pronounced effect. Gradient switching or loop movements were negligible. In our setting, however, special care was given to proper shielding of the electrode connecting wires, including the patient's connector. With these obvious precautions and considering the low RF amplitudes used during fMRI acquisition, we concluded that Ineraid cochlear implant electrical stimulation during fMRI acquisition is safe. The experiments conducted on one patient fully confirmed our observations. Anatomical MRI using GRE sequence can also be performed safely. In this case, however, it is advisable to disconnect the electrodes, reducing further the risk of induced currents.
Our measurement setup provided reliable in situ current measurements. It was used to demonstrate safe functional MRI acquisition with a specific type of cochlear implant. This does not mean that MRI would be safe with other types (especially transcutaneous) of cochlear implants. However, this experimental setup   FIG. 3 . Effect of the cochlear implant on gradient-echo imaging (a) and EPI (b). The strongest SNR degradation is observed in GRE images (straight arrow) and is spatially limited to the vicinity of the percutaneous connector (presence of nonmagnetic metallic screws and contacts). The connector effect is less pronounced on EPI images (curved arrow). The acquisition parameters were TR/TE/flip ϭ 106 ms/4.4 ms/60°for the GRE sequence and TR/TE/flip ϭ 998 ms/40 ms/80°for EPI.
could be adapted to test for the use of other electrical devices in conjunction with MRI. Such devices include EEG electrodes (scalp or implanted), vagal stimulation in epilepsy, and deep brain stimulation in Parkinson, and the methodology described in this study might be useful to other centers.
Artifactual Auditory Percepts during fMRI Acquisition
A concern when studying activation of the central auditory system by fMRI is to ensure that the experimental acoustic stimuli are perceived by the subject in the absence of background noise produced by the MRI scanner. This represents so far a major limitation in the study of normal hearing volunteers (Ravicz and Melcher, 2001) . Totally deaf subjects do not hear scanner noise. However, they might perceive artifactual auditory sensations if the level of induced currents, while not harmful, is above their perception threshold. In our study, perception thresholds of the patient were similar on both electrodes and were evaluated to be about 50 A for 1000 Hz, with 0.5-s duration bursts. Induced currents were isolated single-current pulses of short duration (about 2 ms), occurring once every 90 ms, and their levels were below 20 A. Hence no auditory sensation was generated by fMRI acquisition. The level of the electrical stimuli was such that it elicited auditory sensations much louder than any other detectable sound for the patient. Our experiment can therefore be considered purely silent and free from scanner noise effects. Note. Only voxels with P Ͻ 0.01 (Z Ͼ 2.3) were considered. Two distinct regions of activation were found in the left hemisphere; only one in the right hemisphere.
Functional MR Imaging
Because scanner noise competes with experimental acoustic stimulation, only a few fMRI studies have investigated the tonotopy of the human auditory cortex on normal hearing subjects Talavage et al., 1999; Wessinger et al., 1997) . These studies report activation of the auditory cortex (BA 41/42) in Heschl's gyrus, the location of activity being possibly related to the frequency of the acoustic stimulus. The detailed organization of cortical auditory responses is, however, complex. Talavage et al. demonstrated that frequency-dependent responses were exhibited by multiple regions of the human auditory cortex (Talavage et al., 2000) . Previous functional MRI studies of deaf patients have shown activation of auditory cortex by electrical stimulation of the cochlear nerve (Berthezene et al., 1997; Hofmann et al., 1999) . These studies, however, used devices designed for preoperative testing, acutely placed in the ear. Such experimental protocols were slightly invasive and were not designed to compare the activation elicited by different electrodes.
Only one previous abstract reported observations similar to those made here (Melcher et al., 1998) . The authors measured electrically evoked cortical activity in a deaf subject using the same type of cochlear implant. They found specific responses at the level of Heschl's gyrus for each of the two electrodes tested. We also observed specific responses to each electrode in each hemisphere. The centers of the activated areas for the two different electrodes were separated by more than 16 mm. Activation of the electrode corresponding to the low-pitch tone was localized more laterally and slightly more anterior than that corresponding to the high-pitch tone (Fig. 4) . This pattern of shift is in agreement with the tonotopic organization of the auditory cortex revealed by fMRI (Wessinger et al., 1997) as well as other techniques, like magnetoencephalography (Pantev et al., 1996; Romani et al., 1982) and PET (Lauter et al., 1985; Lockwood et al., 1999) . We also found clear bilateral activation as expected on the basis of the functional anatomy of the central auditory system. However, cluster analysis (Table 1 ) reveals a larger area of activation in the left hemisphere, contralateral to the stimulation site, that is consistent with stronger contralateral activation during unilateral pure tone stimulation in normal subjects .
CONCLUSION
A method has been introduced that permits direct, in situ measurements of induced currents when implanted electrical devices are foreseen for use during MRI data acquisition. This method uses a pickup photodiode and a reference signal allowing a direct measurement of parasitic currents induced by MRI pulse sequences. Applied on a specific cochlear implant device, this method showed that simultaneous fMRI and implant stimulation was safe and that the induced currents were not perceived. BOLD response following electrical stimulation of individual intracochlear electrodes was clearly detectable and demonstrated tonotopical activation of the auditory cortex in a deaf subject. This study paves the way for studies of a broader selection of auditory paradigms without interference due to scanner noise.
